In this regard, several additional advantages have been reported to the use of prestressed CFRP materials, mainly 16 strips. However, the experience with RC strengthening using prestressed EBR-CFRP materials is still limited. 17
Introduction 10
Fibre-reinforced polymers (FRP) have been used to strengthen reinforced concrete (RC) structures because of their 11 numerous advantages over conventional materials, such as higher strength and fatigue life, less susceptibility to 12 corrosion and greater resistance against aggressive environments, as reported in the literature [1] [2] [3] [4] [5] [6] [7] . Generally, the 13 Carbon FRP (CFRP) reinforcement materials are applied according to the externally bonded reinforcement (EBR) 14 technique. If the FRP material is prestressed, a greater portion of its tensile capacity is utilized, consequently the 15 use of its properties is more effective. Several advantages of using prestressed FRPs for RC structural 16 strengthening have been reported in the literature over the last decades, such as the reduction of crack width and 17 deflection, as well as the increase of the ultimate capacity and of the resistance to shear/fatigue brittle failure [3, 18 6-9] . The FRP strip can be directly prestressed (i) against the structure itself, (ii) against an independent system or 19 it can be (iii) indirectly prestressed by cambering the structure upward. Prestressing against the structure itself does 20 not require the use of heavy equipment, which makes this method more versatile and viable for in situ applications. 21
For the case of (i) and (ii) special anchorage systems for fixing the ends of the prestressed FRP reinforcement are 22 required. These end-anchorages are responsible for transferring the shear stresses from the reinforcement into the 23 concrete substrate, allowing greater levels of prestressing, increasing the element's ductility and avoiding the 24 premature failure by FRP pealing-off [3, 7, 10] . Literature already covers several studies on the short-term 25 behaviour of RC elements strengthened with prestressed FRP where the focus was on (i) the development of the 26 anchorage systems [1, 7, 11, 12] and on (ii) the service and ultimate behaviour [7, 11, 13, 14] . However, the 27 technology is still regarded as novel and some topics still deserve attention, such as the durability and long-term 28 behaviour. 29 pultruded strips) than other environmental conditions like immersion in deionized water (38% for carbon pultrude 23 strips). 24 conducted an investigation on the assessment of the effects of sustained load 25 and freeze-thaw cyclic exposure (500 cycles) on the flexural behaviour of eight RC beams strengthened with 26 prestressed CFRP strips according to the NSM technique. The results showed that the specimens exposed to the 27 combined effect of freeze-thaw cycles and sustained loading (47% of the theoretical ultimate capacity of a non-28 prestressed NSM beam) had an average decrease in the yielding load, ultimate load and ductility of 18%, 24% and 29 19%, respectively. The authors also observed that, after being subjected to the combined effect of freeze-thaw "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016/j.compositesb.2017.05.047 4 cycling and sustained loading, prestressed specimens failed by strip end debonding at the concrete-epoxy interface. 1
Strip end debonding did not occur on non-prestressed beams. 2
The effect of room (22 °C) and low temperatures (-28 °C) combined with sustained load (50% of the 3 strengthened beam capacity) on prestressed EBR-CFRP RC beams was also studied by . A 4 total of eight beams were used in this experimental program (four per studied temperature: (i) one unstrengthened 5 control beam, (ii) one strengthened beam, (iii) one strengthened beam subjected to its own weight for one year and 6 (iv) one strengthened beam subjected to sustained load for one year). The following main conclusions were 7 obtained: (i) the strengthening produced a considerable enhancement in stiffness and strength; (ii) the isolated 8 effect of sustained load had no impact on the beams ultimate strength; (iii) the combined effect of sustained load 9 and low temperatures reduced the ultimate strength of the beams by 8%. 10
Despite the recent research developments on the durability and long-term behaviour of prestressed RC 11 elements with FRPs, the effects of environmental exposure (immersion in water, immersion in water with chlorides 12 or wet/dry cycles with water) on RC elements strengthened with prestressed EBR CFRP laminates was not yet 13 addressed by the scientific community. 14 The main objective of this research is to study the effect of different environmental conditions on the 15 durability of RC slabs strengthened with prestressed CFRP laminates according to EBR technique. Two different 16 types of anchorage systems were studied: (i) mechanical anchorage (MA), a system that fixes the laminate ends 17 with metallic plates; and, (ii) gradient anchorage (GA), which uses the ability of the epoxy to cure faster at higher 18 temperatures, allowing to gradually reduce the prestressing force over several consecutive sectors at the strip end. 19
The experimental program is composed of twenty slabs, sixteen of which were exposed to four different 20 environmental conditions, along with gravity loading for a period of eight months. Then, specimens were 21 monotonically tested under displacement control up to failure by using a four-point bending test configuration. 22
The observed performance of the tested RC slabs allowed several conclusions regarding the durability and overall 23 performance of both anchorage systems. 24 25
Experimental Investigation 26

Experimental program, specimens and test configuration 27
The experimental program included twenty reinforced concrete (RC) slabs as presented in Table 1 : (i) four control 28 specimens (series T0); (ii) eight slabs subjected to distinct environmental conditions (labelled with the suffix _U); 29 and, (iii) eight slabs subjected to the combined effect of environmental and loading conditions (labelled with the2.93: 0.02: 0.56 (cement: fine aggregate: coarse aggregate: superplasticizer: water). Aggregates were composed of 23 crushed granite with a maximum size of 12.5 mm and Portland cement type CEM II/A-L 42,5R was used. A single 24 batch was mixed to cast all slabs and testing samples. For characterizing the mechanical properties of the concrete, 25 six cylindrical specimens with 300 mm of height and 150 mm of diameter were used for each series. The modulus 26 of elasticity and the compressive strength were evaluated 28 days after casting following the 27 LNEC E397-1993:1993 [20] and NP EN 12390-3:2011 [21] recommendations, respectively. Additionally, the 28 modulus of elasticity and the compressive strength were also characterized at the time when the static tests of the 29 slabs up to failure occurred (see Table 2 ). Results show the evolution of the modulus of elasticity (Ec) and the 30 compressive strength (fc) for specimens in contact with water (series TW, CW and WD), which is related to the ) "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 7 process of hydration of the cement [22] . When comparing the specimens fully immersed in water (series TW) with 1 the reference series (T0), an additional increase of 20% and 35% of the Ec and fc, respectively, were observed. 2 Steel rebars of type A400 NR SD with a diameter of 8 mm (∅8) and 6 mm (∅6) were used as internal 3 reinforcement. In order to determine the tensile properties of steel reinforcement, four samples of each bar type 4 were used. Tensile tests were carried out according to NP EN ISO 6892-1:2012 [23] recommendations and the 5 results in terms of mean values for the modulus of elasticity (Es), as well as yield (fy) and ultimate (fu) tensile 6 strengths are presented in Table 2 . 7
The pultruded CFRP laminate strips (Type: S&P Laminates CFK) were used in the experimental work. 8
These composite laminate strips possess a smooth external surface and consist of unidirectional carbon fibres (fibre 9 volume content is higher than 68%) held together by an epoxy vinyl ester resin matrix [24] . Tensile properties 10
were assessed using six samples and the experimental procedure followed was the one described by ISO 527-11 5:1997 [25] . A Young's modulus (Ef) of 168 GPa and an ultimate strength (ff) of 2944 MPa were obtained (see 12 Table 2 ). 13
The two-component epoxy adhesive (Type: S&P Resin 220) used to bond the CFRP laminate to the 14 concrete surface is solvent free, thixotropic and grey. Previous studies have shown that, after 7 days of curing at 15 21 ºC, a modulus elasticity of 8.7 GPa (CoV=6.0%) and a tensile strength of 20.7 MPa (CoV=11.0%) are obtained 16 [26] . 17 18
Strengthening procedures 19
The experimental program included eighteen slabs strengthened with a prestressed CFRP laminate strip. Prestress 20 was achieved through the direct prestressing method, in which the laminate strip may be jacked against an anchor 21 system that is mounted on the slab itself. Two anchorage systems were studied in this work: (i) the mechanical 22 anchorage (MA), which uses the metallic plates at the end of the CFRP strip; and, (ii) the gradient anchorage (GA), 23 in which a non-metallic anchorage is created due to the adhesive's ability to cure faster at higher temperatures. 24
Both systems are commercially available and have been applied on site to strengthen several RC structures, being 25 available by the same manufacturer company of the CFRP reinforcement and epoxy adhesive. As shown in Fig. 2  26 and Fig. 3 , the MA and GA methods involve the use of common components (clamp units, guides, aluminium 27 frame, hydraulic jack and hoses, and a manual hydraulic pump) and specific components. For instance, the metallic 28 anchor plate is a hard-aluminium rectangular plate (200 mm × 270 mm × 10 mm) with six holes of 18 mm 29 diameter and is used only on the MA system. The heating device is an electronic equipment with several heating ) "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 8 elements (100 mm × 100 mm, type 'Termofoil') and is used exclusively on the GA method [27, 28] . The 1 strengthening procedures using the MA and GA systems, share some common application steps, mainly: 2
Preparing the surface of the concrete substrate is the first step for both methodologies. The zone where 3 the laminate strip is applied was sand-blasted and then cleaned with a compressed air blower. The 4 expected average roughness (Ra) of the sand-blasted surface was 0.01 mm [9] (see Fig. 2a and Fig. 3a) ; 5
(ii) Several holes were drilled to accommodate temporary and permanent bolt anchors. The average drill hole 6 had a depth of 85 mm and was cleaned with an airbrush after drilling. GA system involves temporary 7 bolts only, while for the case of the MA system, six M16 8.8 permanent bolt anchors (stainless steel) were 8 used to fix each metallic anchorage plate. A chemical bond agent (HIT-HY 200-A ® ) was used to fix these 9 bolts to concrete (see Fig. 2b and Fig. 3b) ; 10
Two metallic guides were placed in their predefined location to guide and fix the clamp units. Then, the 11 clamp unit was placed in-between the guides at each extremity of the slab; 12
The CFRP laminate strip was cut with the precise length (2200 mm) and cleaned with a solvent. The 13 epoxy adhesive was prepared according to the requirements included in the producer specifications. 14 Subsequently, the adhesive was applied on the surface of the laminate and on the concrete surface region 15 in contact with the laminate. The special gluing set used to apply the epoxy on the laminate guarantees a 16 minimum thickness of 2 mm of such bonding agent (see Fig. 2c and Fig. 3c ). Subsequently the CFRP 17 laminate was placed in its final position and slightly pressed against the concrete substrate (see Fig. 2c  18 and Fig. 3c) ; 19
The clamping units were closed to fix the CFRP laminate strip. A torque of 170 N·m was applied to each 20 screw using a dynamometric wrench (see Fig. 2d and Fig. 3d) ; 21
The metallic anchor plates and the heating device were placed in their predefined locations for the case 22 of the MA (see Fig. 2e ) and GA (see Fig. 3e ) systems, respectively. It should be pointed out that the 23 metallic anchor plates were always slightly grinded with sandpaper and cleaned with a solvent; 24 (vii) Aluminium frames were placed at their predefined positions and fixed against the concrete substrate with 25 anchors to accommodate the hydraulic jack (see Fig. 2f and Fig. 3f) ; 26 (viii) Eventually, the hydraulic jack was installed on the aluminium frame and, using a manual hydraulic pump, 27 the prestress was applied to the CFRP laminate strip (see Fig. 2g and Fig. 3g ). 28 ) "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 9 After the prestress application on the CFRP strips (see Fig. 2h and Fig. 3h ), different procedures were 1 followed for MA and GA systems. In the MA system, each bolt anchor of the metallic anchor plates was tightened 2 with a torque of 150 N•m in order to increase the confinement provided by the metallic plates at the anchor's region 3 and reduce the probability of the CFRP laminate to slide at the ends. Additional fixing screws were mounted 4 between the frame and the clamp units in order to block the prestressing system and, consequently, avoid prestress 5 losses during the curing of the adhesive. The strengthening application was concluded after approximately 24 6 hours. Finally, the equipment was removed (fixing screws, clamp units, guides and aluminium frames) and 7 temporary anchors and the CFRP laminate outside of the anchor plates were cut off. 8
Within the scope of the present work, gradient anchorages of 600 mm in length, composed of three sectors 9 (50 mm wide and 200 mm long each) were used. During the application of the gradient, the specimens were always 10 monitored in terms of applied force by the hydraulic jacks and temperature at the distinct sectors composing the 11 heating devices. The evolution of the temperature, jack force and strain over time are represented in Fig. 4 : the 12 first sector was heated to 160ºC for a period 15 minutes, followed by an exponential temperature decrease during 13 20 minutes (down to 120ºC), and finally by a cooling phase. In the following sectors the same heating process was 14 carried out 10 minutes after the beginning of the cooling phase of the previous one. Approximately 15 min after 15 the initiation of the cooling phase of each sector, 1/3 of the total applied force was released. This waiting time was 16 chosen in order to ensure that the epoxy adhesive has cooled down to temperatures below 50ºC. 17
The prestress level was controlled by strain gauges previously placed at the mid-span of the CFRP 18 laminate strip. The average prestrain imposed was approximately 0.4%. Table 1 shows the values of the registered 19 prestrain and prestress force at the middle of the CFRP laminate for all specimens at the end of the strengthening 20 procedure. 21
A schematic schedule representing the main tasks performed during this work is shown in Fig. 5. 22 Approximately six months after the strengthening, the slabs were exposed to the different studied environmental 23 conditions. Initially, the prototypes were placed in the empty water tanks, or inside a climatic chamber in the case 24 of the slabs REF. In each tank, or climatic chamber, four slabs were placed: two slabs (one MA and one GA) to 25 be subjected to the corresponding environmental condition and two others (one MA and one GA) to be subjected 26 to the combined effect of the environmental condition and the sustained loading. Several granite blocks (weight 27 from 0.8 kN to 4.6 kN) were used to achieve the predefined load (20 kN) . While the weights were being laid, a 28 continuous observation of the slab's bottom surface was carried out. Crack initiation was observed in all "_C" 29 specimens for an average mid-span deformation of 1.7 mm and a load of approximately 17 kN. As shown in Fig. 5, the environmental condition were imposed approximately one month after loading and lasted for 8 months. Due 1 to a technical problem that occurred on the air-conditioning system of the climatic chamber where the REF 2 specimens were placed, the specimen GA_REF_C was disregarded. Finally, the specimens were removed from 3 the exposure environments and the sustained loads were removed. One month later the slabs were tested up to 4 failure. 5 6 3. Results and discussion 7
Stiffness 8
During the static tests the deflections along the longitudinal axis of the slabs were monitored. Fig. 6 presents the 9 evolution of the mid-span deflection with the applied force for all tested slabs. As expected, the strengthening of 10 the slabs with CFRP laminate significantly increased their stiffness and reduced the corresponding mid-span 11 deflection for a specific load level. All prestressed specimens presented a delay in the crack initiation (δcr, Fcr) and 12 steel yielding (δy, Fy) when compared to the un-prestressed specimen (see Table 3 ). However, no significant 13 changes due to the use of strengthening and/or prestressing were observed regarding the stiffness of the elastic 14 phase (KI). This behaviour was expected considering the low amount of strengthening reinforcement used. The 15 longitudinal steel reinforcement ratio of REF_T0 and equivalent longitudinal steel reinforcement ratio of all the 16 strengthened slabs were equal to 0.46% and 0.53%, respectively. In average, slightly higher KI was observed for 17 specimens immersed in water (series TW, CW and WD) whereas the lower values were registered for the REF 18
series. The previously mentioned results obtained for concrete's elastic modulus (see Table 2 ) support these 19 observations. Results show that the uncracked concrete's contribution to the overall slabs stiffness is, by far, the 20 largest. Also, specimens subjected to sustained loading (series "_C") appear to have a similar behaviour to the 21 uncracked series ("_U") during the initial stages of testing: Fig. 6d and Fig. 6e show that the cracking stabilization 22 only occurred for a load level of around 27 kN; before that, the contribution of the concrete for the initial slab's 23 stiffness seems to be more relevant, since all environmental conditions that include water exposure (series TW, 24 CW and WD) led to higher stiffnesses. In contrast, MA_REF_C presents the lowest initial stiffness, which can be 25 explained by the lower stiffness and most likely the lower tensile strength of concrete that was not immersed in 26
water. 27
The overall stiffness at cracked stage (KII) of the strengthened slabs is substantially less influenced by the 28 mechanical properties of the concrete. For that reason, higher KII values were obtained for all strengthened slabs,in contrast to the observed for the REF_T0 (unstrengthened slab). For the same reason values of KII are relatively 1 similar for all strengthened specimens. 2
In general, all prestressed slabs presented similar behaviour, which clearly means that the anchorage 3 system type and the environmental exposure did not have a noticeable influence in the development of the 4 deformations with the applied force. As expected, the sustained loading altered the initial deformation state of the 5 slabs prior to static testing. As shown in Fig. 6 , cracked specimens (series "_C") exhibited yielding and failure at 6
lower deformation values, when the residual deformation obtained prior to static testing is disregarded. 7 8 3.2 Crack evolution and failure modes 9
As previously referred, the crack width was assessed through the use of a handheld USB microscope during the 10 execution of the static tests. For that purpose, the first three cracks visible by naked eye located in the pure bending 11 zone were selected based on the following criteria: one at the mid-span and other two near the load application 12 points. The average crack width evolution was obtained from the microscope images and measured in three distinct 13 places of each single microscope photo, as depicted in Fig. 7a . The evolution of the average crack width versus 14 the applied force is plotted in Fig. 7b -f. It should be noted that in the case of series "_C", the crack width was 15 measured since the onset of the static tests because several cracks were already visible. 16
Results show that the strengthening influenced the crack width increase with the applied force: for a 17 specific load level, strengthened slabs exhibited lower crack widths when compared to the REF_T0 specimen. 18
Prestress changed the onset of cracking by increasing the first-cracking load, at an average growth of 89% when 19 compared with the EBR_REF_T0. Crack measurements support the previous statement. In fact, Fig. 7 shows that 20 for the same load level, the prestressed specimens exhibit lower average crack widths. Both anchorage systems 21 presented similar performance. The trend of crack width measurements observed for the control specimens 22 (MA_REF_T0 and GA_REF_T0) was similar to the one observed for the uncracked specimens. 23
The different exposure environment conditions seemed to have no significant influence on the crack width 24 evolution. In spite of that, specimens subjected to environments TW, CW and WD appeared to have an even lower 25 crack width growth with the load increments. Conversely, specimens subjected to sustained loading showed a 26 different crack width evolution: the linear regression shows a higher slope when compared to the ones relative to 27 the remaining strengthened slabs. 28
A study on the crack pattern and crack spacing was carried out for all specimens. Fig. 8 illustrates the 29 final crack pattern on the lateral surface and the average crack spacing and Fig. 9 shows the final crack pattern on "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 12 the bottom surface. The average crack spacing was measured on the bottom surface of the slabs along two lines 1 parallel to the longitudinal axis, each of these 150 mm away from the lateral face of the slab. As expected, the 2 results clearly showed a crack spacing reduction due to strengthening and an even greater reduction when the 3 strengthening was prestressed. For both prestressing systems the average crack spacing decreased and, 4 consequently, the number of cracks increased. However, the MA and GA systems produced different effects on 5 the final crack pattern. The gradient anchorage allowed the formation of cracks along the gradient zones 6
(occupying approximately 2/3 of these zones) and between these regions. The cracks over the gradient zone 7 indicate that the CFRP laminate is mobilized throughout its entire length. The MA slabs presented a crack pattern 8 that developed between the anchorage plates. The absence of cracks over the anchorage zones is related to the 9 confinement produced in this region by the anchoring devices. As mentioned before, a torque of 150 N×m was 10 applied in each of the six bolts that fix the CFRP laminate to the concrete with the metallic anchor plate, confining 11 the laminate and the surrounding concrete substrate, in addition to the complementary reinforcement provided by 12 the bolts themselves. 13
As previously stated, REF_T0 is an unstrengthened specimen that was tested at the onset of the 14 environmental condition exposure. The test was stopped once the mid-span deflection reached 100 mm, the 15 maximum deflection that can be registered by the LVDT. Concrete crushing at the top fibre would most likely be 16 the expected failure mode (according to a section analysis, concrete crushing was expected for a load level close 17 to 28 kN, when the strain of the steel in tension reaches 3.3%. The analysis was based on the assumption of a 18 rectangular stress distribution in the compressed concrete region, as suggested by Fib [29] ). The strengthened slabs 19 exhibited two distinct failure modes: (i) strip debonding and (ii) CFRP tensile rupture in unidirectional tension. 20
The MA_REF_T0 failed by CFRP rupture in unidirectional tension when the strain in the laminate strip was 1.48% 21 (see Table 3 and Fig. 11a ). As in most slabs strengthened using mechanical anchorage, failure in the MA_REF_T0 22 did not occur immediately after the strip debonding, since the CFRP strip was held at both ends by the mechanical 23 anchorages. As shown in Fig. 10e , the observed debonding of the CFRP strips in MA slabs occurred in two phases: 24 in a first stage deboning occurred near one of the two anchorages, and after a while the same happens in the 25 anchorage placed at the opposite side of the slab. Due to this behaviour, the strains at the CFRP strip near the 26 anchorages suddenly increased and almost reached the mid-span strain. From this point onwards the CFRP 27 laminate strip behaved as an unbounded reinforcement, with minor strain variations along the strip length caused 28 by the friction and interlock developed at the debonded region. Eventually, the strip was pulled out from the 29 mechanical anchorage as shown in Fig. 11c . Digital image correlation (see "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 13 propagate towards the middle of the concrete substrate. Fig. 9 shows flexural cracks across the gradient anchorage 10 and they might have been the trigger that caused the failure. Nevertheless, considering the GA slabs, the strip end 11 where the detachment started failed at the CFRP/epoxy interface, whereas cohesive failure in the concrete was 12 observed for the remaining CFRP strip (see Fig. 9 ). Details regarding the influence of the anchorage systems on 13 the structural behaviour will be discussed further in the subsequent section. 14 15 3.3 Influence of prestressing 16
As previously stated, literature points out several advantages deriving from the prestressing of FRP materials. In 17 this research the average level of prestress load reached was about 40 kN, resulting in a tensile stress of about 18 680 MPa in the CFRP laminate strip. When prestressed slabs are compared with the un-prestressed specimen 19 (EBR_REF_T0), a relatively small increase on the stiffness KI and KII (about 19% and 11%, respectively) is 20 observed. Nevertheless, the first-cracking, yielding and failure loads increased substantially (approximately 90%, 21 30% and 31%, respectively) and, as a result, for the same load level, these specimens exhibited smaller deflections 22 (see Table 3 ). 23
One of the main advantages of using prestressed externally bonded FRP materials for strengthening 24 existing structures is the reduction of the existing deflections and crack widths. In the experimental programme, 25 when the sustained loading was removed, the majority of the cracks have closed and became invisible to the naked 26 eye. Strengthening using prestressed FRP materials may be regarded as a way to partially or totally cancel the 27 effect of sustained loads, and consequently as a way to improve both crack width and deflection reduction. 28
Prestressed slabs exhibit a more efficient use of the mechanical properties of both the concrete and the 29 "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 14 strain, εfmax, was approximately 1.18%. In contrast, immediately before failure, the concrete and CFRP strains 1 registered in the EBR_REF_T0 specimen were 0.13% and 0.76%, respectively (see Table 3 ). 2 3 3.4 Mechanical versus gradient anchorage 4
The anchorage system plays an important role on the effectiveness of the prestressing technique, allowing a proper 5 transfer of high shear stresses from the strip ends to the concrete [30] . In the case of the mechanical anchorage 6 (MA) system, hard aluminium plates avoid the premature peeling-off of the CFRP strip by holding the laminates 7 extremities and, in the particular case of this experimental program, by increasing the concrete's shear strength at 8 the substrate surface due to the confinement provided by the torque applied on each anchor bolt fixing the plates. 9
Alternatively, the gradient anchorage (GA) gradually reduces the prestressing force over several gradient segments 10 towards the ends of the strip, eliminating the risk of premature debonding failure. However, during the monotonic 11 tests the major difference between the behaviour of slabs with the two different anchorage systems was observed 12 after steel yielding, when the CFRP strip debonding seems to initiate. After yielding, the steel reinforcement 13 contribution to the increase of the slabs load carrying capacity is limited, thus making the CFRP material the 14 greatest responsible for carrying the additional load increments. Promoted by the flexural cracks at the intermediate 15 zone of the slab, strip debonding initiated when the load level was close to 55 kN and 56 kN for the MA and GA 16 slabs, respectively. It should be highlighted that with the GA system the initial debonding process quickly 17 progressed into the complete strip detachment. For the majority of the MA specimens, strip debonding produced 18 two sudden load drops in the F-δ responses (see Fig. 6a, Fig. 6b and Fig. 6d ), each drop relative to the strip 19 detachment at each of the two extremities. Once completely detached, the CFRP strip continues to carry additional 20 loading as an unbounded external reinforcement fixed by the metallic plates. In average the MA system allowed 21 reaching an ultimate load of 59 kN (6.2% higher than the one observed with the GA system) and an ultimate mid-22 span deflection of 86 mm (GA slabs presented an average ultimate mid-span deflection of 73 mm). In essence, 23 both anchorage systems presented similar behaviours until the yielding of the steel reinforcement. Then, for similar 24 load/deflection levels the initiation of strip debonding led to the failure of the GA system and to the CFRP strip 25 detachment in the MA system. Although the majority of the MA slabs presented a ductile behaviour by allowing 26 larger deflections and greater load levels, in some cases (specimens MA_W_U, MA_CW_C and MA_WD_C) 27 failure was observed shortly after the strip debonding initiation. 28 Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 have shown that the CFRP tensile properties suffer negligible losses when subjected to full immersion in water 11 (about 3% and 2% for the tensile strength and E-modulus, respectively) or to full immersion in water with 3.5% 12 of chlorides (about 7% and 1% for the tensile strength and E-modulus, respectively) for a period of time that lasted 13 up to 720 days. Because all materials properties changed differently with each environmental condition, the overall 14 behaviour of each composite system (RC slab/epoxy adhesive/CFRP laminate strip) also changed. For all four 15 environmental conditions a decrease on the first-cracking, yielding and ultimate loads for both MA and GA 16 specimens was observed. When compared to the reference specimens (MA_REF_T0 and GA_REF_T0), all aged 17 specimens presented a reduction on the ultimate parameters (in average the ultimate load, deflection and CFRP 18 strains decreased 8.4%, 28.4% and 11.9%, respectively). In both anchorage systems the epoxy adhesive can be 19 one of the crucial factors for its success. The deterioration of the adhesive's adherence and tensile properties seems 20 to be the major reason for the earlier debonding initiation on the aged specimens. Regarding the GA specimens, 21 the strip detachment always occurred at lower load levels, even in the less aggressive environmental conditions 22 for the adhesive (CW). The lowest ultimate loads and deflections (Fu=53.52 kN and δu=38.21 mm) were observed 23 for the environment REF (GA_REF_U). The MA_REF_T0 and the remaining MA slabs presented similar load 24 levels at the onset of the strip's detachment. The MA slab subjected to the full immersion in water presented the 25 most significant degradation. These results are in agreement with the evolution of the mechanical properties of the 26 epoxy adhesive in time: the environmental actions TW and CW resulted in the most signifficant decrease in terms 27 of the mechanical properties of the adhesive. 28
"Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites
For each strengthened slab, three ductility parameters were calculated to evaluate the influence of each 29 environmental condition on the ductility of the slab (see Table 3 ). In general, the increase of force (Fmax/Fy), Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 16 deflection (δmax/δy) and curvature (φmax/φy) ratios between the yielding and the failure stages was higher for MA 1 specimens. The MA_REF_T0 presented the highest ductility parameters (Fmax/Fy =1.33, δmax/δy=3.15 and 2 φmax/φy=2.13) and similar results were observed for MA slabs exposed to REF, CW and WD environments. Again, 3 the immersion in water (series TW) resulted in the highest ductility reduction for MA specimens, being the ratio 4 δmax/δy of specimen MA_TW_U 49% lower than the one obtained for MA_REF_T0. This observation may be 5 justified by the degradation experienced by the epoxy adhesive when exposed to certain environments [15] . 6
Specimens prestressed with the GA system presented the highest ductility parameter on series TW and CW. 7 8 3.6 Influence of sustained loading 9
In real-life situations, a RC structure can be subjected to combined effects of physical and environmental factors, 10 which in some cases may be synergetic. In order to evaluate their influence, as previously referred, a sustained 11 load of 20 kN was applied simultaneously to the four studied environments. The sustained load led to the pre-12 cracking of all specimens allowing a greater exposure of the reinforcement and strengthening elements to the 13 environmental conditions and, as a consequence, the greater degradation of the composite system. During the 14 sustained loading, the maximum deformation of the slab almost reached 10 mm and cracks were visible by naked 15 eye. When loading was removed, more than 50% of the previously reached deformation was recovered. 16
During the static tests, a sudden stiffness loss was observed when the applied load was close to 25 kN 17 indicating that the cracking process was not stabilized during the application of the sustained load. Up to this point, 18 the stiffness of the slab assumed an intermediate value between the stiffness KI and KII of the "_U" specimens. As 19 shown in Table 3 , the sustained load and consequent cracking did not have a significant influence on the ultimate 20 behaviour. In the static tests, the failure occurred for the same load level as for the "_U" slabs but, as expected, for 21 lower deflection values (23.6% and 6.4% lower for the MA and GA systems, respectively). For the specimens subjected 22 to the sustained loading the separation between the debonding initiation stage and the anchorage slippage stage has 23 decreased, reducing the ductility. Ductility parameters presented in Table 3 can quantify the reduction of the slabs 24 ductility due to the effect of the synergies between sustained loading environmental conditions exposure. The GA 25 specimens (GA_TW_C; GA_CW_C and GA_WD_C) presented similar ductility parameters to those obtained to the 26 GA_REF_T0. However, all "_C" specimens strengthened with the mechanical anchorage showed significant ductility 27 reductions. The lowest Fmax/Fy, δmax/δy and φmax/φy ratios for the MA slabs were observed for series TW (Fmax/Fy = 28 1.14), WD (δmax/δy = 1.64) and TW (φmax/φy = 1.67), respectively. In this matter, the less damaging synergy 29 comprehended the sustained loading and the REF environment. Yet, the MA_REF_C showed a decrease higher 1 than 20% in each of its ductility parameters when compared to the MA_REF_T0. 2
In summary, the ductility of each slab was evaluated through three parameters (Fmax/Fy, δmax/δy and φmax/φy) 3 and three major factors have been observed: (i) specimens strengthened with the GA system showed minor variations 4 in their ductility parameters after being exposed to the different environmental conditions solely (series "_U") or 5 combined with the sustained loading (series "_C"); (ii) the ductility of MA specimens on series "_U" and "_C" was 6 considerably lower than the ductility observed on slab MA_REF_T0; and (iii) the combined effects (sustained loading 7 + environmental action) produced a more severe effect on the ductility reduction of MA specimens than the exposure 8 to each environment separately. 9
Conclusions 11
This work presented an experimental program in which the main objective was to assess the durability of RC slabs 12 strengthened with prestressed CFRP laminate strips using two different anchorage systems: the mechanical 13 anchorage (MA) and gradient anchorage (GA). During eight months, sixteen slabs were subjected to the effect of 14 four environmental conditions (reference environment -REF; immersion in tap water at 20 ºC -TW; immersion 15 in water with 3.5% of chlorides -CW; and wet/dry cycles in tap water at 20 ºC -WD). Additionally, half of these 16 specimens were subjected to a sustained load of 20 kN. Out of the presented results, several conclusions can be 17 drawn: 18
• In general, prestress allowed higher CFRP strains at failure, thus a better use of the involved 19 materials; 20
• A similar response was observed for both anchorage techniques, but the mechanical anchors of the 21 MA system prevented a premature failure and allowed the slabs to support greater ultimate loads and 22
deflections; 23
• For the GA specimens, the initial debonding process was rapidly transformed into the complete strip 24 detachment, resulting in a brittle failure, similar to conventional externally bonded reinforcement 25 without any end-anchorages; 26
• The MA_REF_T0 slab was the only that failed by CFRP rupture at its maximum tensile capacity, 27 whereas the remaining strengthened slabs seemed to have failed by strip intermediate debonding 28
from the concrete; 29
• The exposure to water (series TW, CW and WD) improved the concrete strength and the 1 corresponding modulus of elasticity, which increased the initial slabs' stiffness and delayed the crack 2 initiation; 3
• All tested environmental conditions led to a reduction of the yielding and the failure loads for both 4 anchorage systems, but the influence of each environment was different on each anchorage system: 5 TW and REF environment conditions seemed to have the highest degradation influence over the MA 6 and GA slabs, respectively; 7
• Debonding initiation on both systems was observed at earlier test stages for specimens exposed to all 8 environments. The main reason resides in the fact that the epoxy adhesive's properties are susceptible 9 to degradation when exposed to humidity or water; 10
• The ductility of all strengthened specimens was evaluated through three ductility parameters.
In 11 general, all tested exposure environments led to a reduction of the MA slabs ductility, especially in 12 the case of cracked specimens. The MA specimens presented the lowest ductility after the immersion 13 in water (series TW); 14
• The sustained loading amplified the effect of each environmental action. This effect was more 15 pronounced on MA specimens, which presented lower structural ductility when comparing the 16 deflection between failure and yielding; 17
• The performance and ductility losses of the strengthening systems when subjected to environmental 18 conditions and sustained loading, separately or combined, were subtle. However, considering that 19 the tests were carried out in only 8 months, the results give clear indications towards the importance 20 of conducting similar tests over longer periods; 21
• During the static tests, the control specimens (series T0) exhibit a far superior performance and 22 ductility compared to the remaining specimens. It is clear that the study of the effects of 23 environmental actions and sustained loading is an essential topic to truly understand the long-term 24 properties of prestressed CFRP strengthening systems; 25
• Based on the obtained results it is important to, in future works, evaluate the influence of the same 26 environmental actions for a longer period, under the influence of temperature cycles and higher 27 concentration of salts. However, the processes used in this work has revealed great potential for the 28 establishment of standardized procedures for durability assessment of prestressed CFRP 29 strengthening systems. "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 (a) These slabs reached the maximum pre-defined deflection without failing; (b) Values for the mid-span deflection of 100 mm; (c) The maximum CFRP strain did not necessarily occur at the mid-span; Failure modes: D = Debonding (cohesive failure at the concrete); F = CFRP tensile failure. Figures   Fig. 1 : Specimen's geometry and test setup. Note: all units are in millimetres. ) "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 27 ) "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 29 ) "Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions." Composites Part B, 125: 71-88. DOI: 10.1016 /j.compositesb.2017 31 
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